ABSTRACT
INTRODUCTION
Thermal regime is a fundamental feature of river ecology (Ward, 1985) . It is influenced by a complex system of factors, e.g., i) river discharge, which determines heat load; ii) topography and streambed morphology, which mainly determine heat exchange at the streambed/water interface; and iii) atmospheric conditions and reach scale shading by riparian vegetation, which determine exchange at the air/water interface (Caissie, 2006; Webb et al., 2008) . These drivers of the river temperature are the result of both natural and anthropogenic dynamics (Poole and Berman, 2001) . Among the latter, the regulation of flow regime following water abstraction and dam construction often implies direct and indirect thermal regime alteration. Depending on the dam structure, the water released in the downstream watercourse can come from the epilimnetic or the hypolimnetic reservoir layers, and thus can be warmer or colder, respectively, when compared to the river reach upstream of the reservoir . Particularly, in mountainous areas, releases from the hypolimnion of high-elevation reservoirs can produce sharp heating or cooling of the receiving waterbody. The river water is usually warmed up by the peaking inflow during winter (i.e., warm thermopeaking) while being cooled down in summer (i.e., cold thermopeaking) (Zolezzi et al., 2011) . Moreover, downstream water temperature depends on the water volume released through the dam (Poole and Berman, 2001) . In low-flow conditions, reduced thermal capacity causes an increase in summer maxima and a decrease in winter minima, and widens the daily range of variability (Ward, 1985) . In many rivers, summer temperature is also expected to be exacerbated in the future as a consequence of the climate changes due to both air temperature increase and a decrease of low-flow values (Mantua et al., 2010; Isaak et al., 2012; Schneider et al., 2013; van Vliet et al., 2013) .
The resulting patterns of spatial and temporal variation in the water temperature downstream of a dam contribute to shape aquatic communities. Indeed, dam-induced thermal alteration can cause adverse effects on growth and distribution of aquatic organisms and on ecosystem productivity (Bunn and Arthingthon, 2002; Hari et al., 2006; Haxton and Findlay, 2008; Naiman et al., 2008; Carolli et al., 2012; Bruno et al., 2013) . Intra-community interactions can be influenced as well, since species adapted to specific temperature patterns may be affected by a competitive disadvantage (Ward, 1985) . Although thermal regime and flow regulation are strictly related and the variability of the thermal regime has a strong importance for freshwater ecosystem integrity, clear indications on how to deal with thermal regime restoration are lacking. On the contrary, the need to protect and restore natural flow variability has been widely recognized and environmental flows (e-flows) have been developed as management tools. The need to incorporate water temperature to improve the science of e-flows has recently been highlighted by several Authors Poff and Zimmerman, 2010) . However, to date, only few attempts have been made to relate flow regulation to river temperature in order to define management practices able to protect both aspects of fluvial environment . For the definition of adequate remediation actions, the effects of river discharge alteration on water temperature should be detected at different temporal (Hari et al., 2006; Toffolon et al., 2010; Zolezzi et al., 2011; Vanzo et al., 2016) and spatial scales Gerecht et al., 2011; Casas-Mulet et al., 2015) . Recent studies (Toffolon et al., 2010; Zolezzi et al., 2011; Carolli et al., 2012; Bruno et al., 2013; Vanzo et al., 2016) focused on the identification of the relationships between hydropeaking and thermopeaking, and their ecological effects, mainly on short and medium timescales and in a mountainous context.
Thermal regime of a highly regulated Italian river (Ticino River) and implications for aquatic communities
In this work, we characterize the thermal regime of the Lake Maggiore emissary (i.e., the Ticino River), one of the major regulated Italian rivers. Flow management in the Ticino River is mainly operated through the Miorina Dam, which was built in 1942 at the Lake Maggiore outlet and releases epilimnetic water into the downstream river. In the Ticino reach downstream of the Miorina Dam the river flow is further managed for hydro-power energy production and land irrigation, resulting in a strong flow depletion, especially during the coldest and warmest months of the year.
The thermal regime of the Ticino River is then discussed in relation to the river hydrology and streambed morphology, with a focus on the summer period, for which major effects of the thermal modification on aquatic communities are expected, because of both water abstraction and climate warming. The specific objectives of the work are: i) to describe the annual and daily cycles in the Ticino River temperature and their fluctuations in response to river discharge; ii) to investigate longitudinal variations in water temperature related to flow regulation; iii) to describe transversal variations in water temperature in response to streambed morphology; iv) to highlight possible aquatic community modifications associated with the thermal regime alteration.
The present work may address future management decisions regarding an adequate definition of the e-flows in the study context.
METHODS

Study area
The Ticino River flows from the Swiss Alps to Lake Maggiore for ~90 km and then from the lake to the Po River for ~110 km (Fig. 1) . It is the first tributary of the Po River for flow rate (mean annual natural discharge at mouth: 348 m 3 s -1
). It has an 8,172 km 2 watershed, including mountainous areas from the source to the lake outlet and lowland agricultural areas. Urbanized areas are mainly located near the lake and on the east bank of the lowland course.
In the present study, a 30-km river reach downstream of Lake Maggiore was investigated (Fig. 1) . The lake outflow is regulated through the Miorina Dam (Fig. 1) to optimize the water use in the downstream river and for flood control; no water diversion takes place at this dam. Water releases mainly depend on the limits established by the current laws on the water level of the lake. Discharge is controlled through movable gates, which release water from the lake surface. As calculated on a 60-year period, the average flow at the Miorina Dam is 284 m 3 s -1
. Water diversion is mostly carried out 7 km downstream of the Miorina Dam, at the Panperduto Dam (Fig. 1 ) of mean annual natural flow. However, the streamflow downstream of the Panperduto Dam generally exceeds MFs during the periods of high water availability (i.e., mainly in spring due to snowmelt and in autumn due to rainfall).
Except for the presence of water diversion structures and minor riprap areas, the riverbed morphology in the study area is mainly natural, with riffles, runs and pools, and the substrate mainly composed of cobbles.
All of the data reported in the present study were collected immediately downstream of the Miorina Dam and at two sites (S1 and S2), located 3 and 23 km downstream of the Panperduto Dam, respectively (Fig. 1) . S1 was chosen to represent the characteristics of the river reach immediately below the large diversion occurring at the Panperduto Dam. Instead S2 was located in a river section where the discharge can be higher than at S1 mainly due to groundwater contribution (at S2, in fact, the residual watershed contribution is negligible since the basin area increase between S1 and S2 is only 52 km 2 ). Flow data were used to characterize the typical annual pattern and to detect possible differences between the three sampling sites. A t-test was performed to detect possible differences among mean monthly flows between the Miorina and Panperduto dams during the period from 2001 to 2013.
Data collection and analysis
Data
Temperature data were used to characterize the thermal regime at the lake outlet during a 15-year period. For this purpose, the following six thermal metrics were calculated based on the daily values of water temperature, according to Olden and Naiman (2010) : i) average timing of minimum and maximum water temperature; ii) average frequency and iii) average duration of low and high temperature events; iv) average monthly magnitude and average magnitude of 1-, 7-and 30-day minimum and maximum temperatures; v) variability, calculated as coefficient of variation (CV); and vi) predictability, calculated according to Colwell (1974) and ranging from 0 (i.e., unpredictable phenomena) to 1 (i.e., totally predictable phenomena).
A linear regression analysis on the mean annual temperature from 1999 to 2013 was performed to verify if significant warming occurred. A linear regression analysis on the mean monthly temperature as a function of the year was carried out for each month as well. Additional water temperature data were collected using different approaches to detect both spatial (i.e., longitudinal, lateral and depth variation) and temporal variation in the study reach.
Water temperature was measured once a month from 2010 to 2012 with a YS-I professional plus portable probe at S1 and S2 to detect the longitudinal temperature variation within the study reach. Single measurements were carried out in the central part of the main channel, i.e. in a point representative of the river section, between 10 and 12 a.m.; within this time interval, temperature values are generally intermediate between the daily maximum and minimum (Smith, 1981; Lowney, 2000) , thus not representing extremes. One-way analysis of variance (ANOVA), followed by Tukey's multiple comparison test, was performed to detect possible differences among S1, S2, and the Miorina Dam (for the latter, the temperature values recorded on the same monitoring dates as S1 and S2 were used for the comparison).
Data on water temperature and on the morphological characteristics of riverbed were collected along two transects at S2 on August 5 th , 2013, to detect the lateral temperature variation associated with the channel morphology. For each transect, the measurements were carried out at a 1-m interval near the riverbanks and at a 5-m interval in the central part of the channel. A total of 22 and 37 measurements were collected for the first and the second transect, respectively. At each measurement point the following data were collected: i) water temperature at the surface and at 2/3 depth (to detect the vertical temperature variation) with a YS-I professional plus portable probe; ii) distance from the left riverbank; and iii) water depth. For each transect, air temperature and channel width were also measured. All of the measurements were carried out between 10 and 12 a.m.
A water temperature logger (Escort I-Log Temperature 62D32), recording at 10-minute intervals, was positioned at S2 from August 5 th to September 12 th , 2013, to detect the temporal (within-day and between-days) variation in the period of the year expected to be characterized by the highest water temperatures and lowest streamflows. A possible association between water temperature and flow variation was investigated by graphical comparison of daily streamflow values with temperature data measured with the data logger.
Available data on fish, benthic macroinvertebrates, macrophytes and benthic diatoms (data listed in Supplementary Tab. 1 and collected within the project Minimum flow trial in the lowland Ticino River, published on www.ticinoconsorzio.it) were used to evaluate possible effects of the summer water temperatures on local aquatic communities. These data were collected during the study period at S1 and S2 according to methods (Ministerial Decree no. 260/2010 -Criteri tecnici per la classificazione dello stato dei corpi idrici superficiali -Modifica norme tecniche D. gs. 152/2006) developed in accomplishment of the Water Framework Directive (WFD). Abundances and structural metrics (i.e., number of taxa and ShannonWiener index) were calculated for each ecological group whenever possible. Differences in the metrics values between S1 and S2 and between the summer period and the other seasons were evaluated using t-test.
All of the statistical analysis were performed using XLSTAT2011 software.
RESULTS
Flow regime characterization
A common annual flow pattern among the sections immediately downstream of the Miorina Dam and the Panperduto Dam was recorded (Fig. 2a) . Mean monthly flows were characterized by two peaks, one in May and one in November. The first peak was 1.5 times higher than the second one. Two low-flow periods were identified: one between summer and early autumn and one in winter. During the latter, flows The flow variation between S1 and S2 (i.e., the groundwater contribution) is shown in Fig. 2b . At S2, the average monthly flow values were always higher than at S1, with the minimum differences during the high-flow months. The maximum flow increase between the two sites was observed in August (i.e., a mean value of 23.5%, corresponding to 9 m 3 s -1 ).
Thermal regime characterization at the lake outlet
The lowest and highest values of mean, minima, and maxima of average monthly temperature were recorded in February and August, respectively (Tab. 1). On average, February 19 th and August 13 th corresponded to the date of minimum and maximum daily temperature, respectively (Fig. 3a) .
All the minimum values of average monthly temperature were recorded before or in 2005, whereas the maximum values after or in 2005 (Tab. 1). A significant increase in the average annual temperature was observed during the period 1999-2013 (i.e., +1.8°C; R 2 =0.38, P=0.014; see Supplementary Fig. 1 ). When each month was individually analysed considering the same time interval, a significant temperature increase was recorded only for the months from August to January (i.e., the lowest regression value -R 2 =0.33 with P=0.025 -was detected in September, and the highest recording -R 2 =0.43 with P=0.008 -was detected in November; see Supplementary Fig. 1 ).
Low temperature events were less frequent on average and lasted more than high temperature events (Fig. 3 b,c) . The magnitudes of 1-, 7-and 30-day minimum temperatures were similar (i.e., mean values from 5.6 to 6°C, Fig. 3d ). The magnitude of 30-day maximum temperature was lower of 1°C than that of 1-day maximum temperature (i.e., mean values from 23 to 24.1°C, Fig. 3d ). Predictability and annual variability in water temperature were 0.52 and 0.44, respectively (Fig. 3e) .
Four-dimensional thermal variation in the study reach
The annual pattern of variation recorded at the Miorina Dam was similar (P>0.01) to those recorded at the two downstream monitoring sites (i.e., longitudinal variation, Fig. 4) . For each site, the highest mean monthly temperature value (~23°C) was recorded in August.
The two transects measured at S2 in MF conditions on August 5 th , 2013, showed a substantial lateral variation in surface temperature only in correspondence with the banks and in the case of the contact with a groundwater seep (Fig. 5 a,b) . In both cases a temperature decrease from the channel centre towards the banks/seep was observed ( Fig. 5 a,b) . The difference in temperature values between the river course and the seep was up to 8.8°C (from 24.4 to 15.6°C, Fig. 5b ). The highest temperatures (i.e., up to 27.1°C) were recorded in a 3-m wide stretch near a gravel bar, with a water column depth lower than Fig. 3 . Thermal regime at the Miorina Dam characterized using different thermal metrics: a) timing, b) frequency, c) duration and d) magnitude of thermal events, and e) variability and predictability of annual temperatures, according to Olden and Naiman (2010) . 1-day, 7-day and 30-day minima and maxima are defined as the min/max values of moving average calculated on 1, 7 and 30 values, respectively. Low and high pulses are defined as mean daily temperatures below the 25 th percentile and above the 75 th percentile of the annual records, respectively. Bars represent±standard deviation. CV refers to the coefficient of variation. Mean daily temperature data from 1999 to 2013 were used for the characterization. (Fig. 5a ). Except for these local variations, water temperature in most of the points along the transects was similar to that at the Miorina Dam (i.e., ~ 24°C).
A difference between the temperature values measured at the surface and at 2/3 depth was recorded only in correspondence with the pool of the first transect (represented in Fig. 5a ) and was 0.5°C (i.e., vertical variation).
The temporal daily pattern of the surface temperature recorded from August 5 th to September 12 th , 2013 with the data logger deployed in the above-mentioned pool, is reported in Fig. 6 (i.e., temporal variation). During this time interval, mean and maximum temperatures were 21.6 and 25.4°C, respectively. The daily range of variation was on average 2.1°C, with minimum and maximum values of 1.2 and 4.0°C, respectively. During the study period, the streamflow was generally near the MF. On August 9 th , a temperature increase was observed in correspondence of a fast increase in streamflow, due to abundant rainfall and consequent water release from the Miorina Dam (Fig. 6) (Fig. 6 ).
Aquatic communities characterization
The diatom communities were similar between the two study sites (i.e., S1 and S2). Most common species belong to genera Achnanthidium, Cocconeis, Cymbella, Fragilaria, Reimeria, Nitzschia, and Navicula; Achnanthidium minutissimum (Kützing) Czarnecki and Cocconeis placentula Ehrenberg dominate the communities (Supplementary Tab. 1). Both richness (i.e., total number of species) and diversity (calculated with the ShannonWiener index) did not statistically (P>0.05) differ between S1 and S2 (Tab. 2). Total number of species ranged between 19 and 44, and diversity between 1.51 and 3.95. At both sites, the mean summer richness and diversity were not significantly (P>0.05) higher than the mean values recorded for the other seasons (Tab. 2).
The macrophyte communities were similar between the two study sites as well. In all of the samples the community was dominated by filamentous algae, generally belonging to the generalist taxon Cladophora, while phanerogams were rare (Supplementary Tab. 1). Total number of species ranged between 17 and 27, and percentage cover of the wetted area between 90% and <5%. Both richness and cover were not statistically (P>0.05) different between the two study sites (Tab. 2).
Richness and total density of the macroinvertebrate communities were not statistically (P>0.05) different between S1 and S2 (Tab. 2), and varied among 13 and 35 families, and 186 and 18,634 individuals m -2 , respectively. Most abundant families were the Trichoptera Hydropsychidae, the Ephemeroptera Baetidae and the Diptera Chironomidae at both sites (Supplementary Tab. 1). Diversity was significantly (P<0.05) higher at S2 than at S1, both taking into account all of the collected data and summer samples and other seasons samples separately (Tab. 2), due to the lower abundance of Chironomidae.
At both sites, the fish communities were dominated by small gregarious species, like freshwater blenny (Salaria fluviatilis), Italian minnow (Phoxinus lumaireul), Italian spined loach (Cobitis bilineata), and Italian riffle dace (Telestes muticellus) (Supplementary Tab. 1). Many exotic species were present (Tab. 2 and Supplementary Tab. 1), even with high abundances (e.g., roach -Rutilus rutilus and bitterling -Rhodeus amarus). The strongly invasive Euro- pean catfish (Silurus glanis) was also present (Supplementary Tab. 1). Five species were found only at S2 (Asian weather loach -Misgurnus anguillicaudatus, Italian golden loach -Sabanejewia larvata, pike -Esox lucius, pseudorasbora -Pseudorasbora parva and European catfish), while only one species was present at S1 but absent at S2 (Italian roach -Rutilus pigus) (Supplementary Tab. 1).
DISCUSSION
Thermal regime and flow regulation
During the 15-year monitored period (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) , the daily temperature of the Ticino River downstream of the Miorina Dam ranged from 5 to 27°C, with differences of the mean annual values showing a moderate increase over time (of approximately 2°C). This increase is in accordance with that reported by Ambrosetti et al. (2006) for the surface water of Lake Maggiore over three previous decades ). An increase in the mean annual water temperature over the last century was also recorded in other European streams and large rivers, which was partly attributed to climate warming (Dokulil, 2013; Orr et al., 2015) . Moreover, a further increase in the mean annual water temperature of more than 2°C is expected in European watercourses for the 21 th century, as calculated by van Vliet et al. (2013) .
Low flows downstream of the Miorina Dam were mainly recorded during winter and summer and this seasonal pattern was further sharpened in the other two downstream sections (i.e., S1 and S2) as a consequence of water withdrawal both for hydro-power and agricul- Tab. 2. Abundances and structural metrics (i.e., number of taxa and Shannon-Wiener index) of the aquatic communities at the two study sites of the Ticino River (S1 and S2). Data were collected among 2010 and 2014 for benthic macroinvertebrates, and from 2010 to 2012 for the other ecological groups. Average values (±standard deviation) are reported for the entire study period (total), for August and September samplings (i.e., summer) and for the other seasons. No data about "other seasons" are shown for macrophytes, which were always collected during summer. Data about fish communities are available only as the sum of multiple observations. ture. In these low-flow periods, extreme water temperatures were measured as well, with minimum values in February and maximum values in August. During winter, the discharge variation was lower than in summer, as a consequence low temperature events lasted longer than high temperature events, which, on the contrary, were more frequent. Therefore, 1-, 7-and 30-day minima were more similar to each other than 1-, 7-and 30-day maxima. During summer, the presence of local hydro-morphological features such as river/groundwater interaction and seeps appeared to have a buffer action, at least locally. The increase in flow values between S1 and S2 during the low-flow periods is mainly ascribed to the groundwater contribution as mentioned above. During these periods, groundwater accounted for approximately 10-20% of the river discharge at S2 (with maximum values in August) and the river temperature remained relatively low in spite of the high air temperature. This buffer action was not observed when the discharge released from the lake increased. Moreover, at S2, water temperature considerably decreased in correspondence of a seep. On the contrary, in shallow water, the temperature increased laterally (by 3.4°C within 5 m) as an effect of the air/water exchange. Thus, the riverbed morphology and the consequent air/water and river/groundwater interactions appeared to be important determinants of the lateral variation in water temperature, generating a patchy thermal habitat. The conservation of a locally-heterogeneous physical environment guarantees patches of cool water during summer lowflows. The importance of hydro-morphological heterogeneity for temperature variability and for supporting thermal refugia has already been highlighted by many Authors (Gostner et al., 2011; Arscott et al., 2001) . For instance, Arscott et al. (2001) found strong lateral variations in water temperature, which, in lowland braided contexts, can equal those measured longitudinally along the entire watercourse. Although temporal and lateral variations were evident, temperatures recorded monthly were comparable among the three sampling sites (i.e., the Miorina Dam, S1 and S2), suggesting a scarce longitudinal variation in the 30-km study reach. However, since at S1 and S2 water withdrawal caused longer periods of low flows, an exacerbation of the duration of extreme temperature events can be expected. Temperature data collected with daily frequency, whether also available for these sections, could allow the confirmation of this hypothesis.
Finally, important depth variation was not detected at S2 during low-flow conditions and was negligible for the majority of the study reach downstream of the water diversions, since in this stretch run and riffle areas are predominant with respect to deep waters (i.e., pools). The absence of vertical variations in water temperature makes the lateral temperature variations and the maintenance of a heterogeneous morphology even more important.
Possible effects of thermal alteration on aquatic communities
Each aquatic species has a thermal preference and is characterized by a tolerance range of water temperatures depending on its adaptive capability through physiological adjustments or behavioural thermoregulation (Barko et al., 1986; Buisson et al., 2008; Souffreau et al., 2010; Dallas and Rivers-Moore, 2012) . The degree of thermal stress outside the tolerance zone is also a function of the exposure time and the rate at which the temperature changes (Beitinger et al., 2000; Dallas and Rivers-Moore, 2012) . However, upper thermal limits provide insight into the relative sensitivity of species to high temperatures and are likely to be of the greatest ecological significance in river systems exposed to severe water stress and relatively high temperatures, such as the Ticino River. Indeed, for those species having pronounced thermal requirements, temperature is one of the main determinant factors of spatial distribution (De Nicola, 1996; Buisson et al., 2008; Jonsson and Jonsson, 2009) . As a consequence, temperature effects on single species potentially affect the community composition.
The aquatic communities recorded at the two study sites (i.e., S1 and S2) of the Ticino River were similar except for the higher diversity of benthic macroinvertebrates at S2 than at S1, probably due to slight differences in substrate composition. Even the differences between samples collected in summer and those collected during the other seasons for the benthic communities (i.e., diatoms and macroinvertebrates) were not significant. Upper limits of the resistance range and thermal preferences of the main taxonomical groups recorded at both sites are compared and discussed below.
The maximum temperature recorded during the warmest month of the year (i.e., August) in 2013 in the study area (i.e., 27°C) is lower than the upper thermal limit (i.e., 30°C) above which species diversity, biomass and maximum areal productivity of lotic periphyton decrease (De Nicola, 1996) and is within the thermal preference of most benthic diatoms living in temperate zones (Patrick, 1977) . However, although many species of diatoms are eurythermic, some species recorded in the Ticino River, e.g., Achnanthes sp. (<14°C) and Navicula sp. (ca. 8-12°C), prefer cool water, whereas other species, e.g., Cocconeis (>25°C) and Nitzschia (22-39°C), prefer warm water (De Nicola, 1996) . Similar considerations can be made for many submersed macrophytes for which the upper thermal optimum is in the range of 28-32°C (Barko et al., 1986) . Thus, summer temperatures in the Ticino River are not expected to limit the growth of primary producers. On the contrary, summer temperature could favour the biomass growth of According to Dallas and Rivers-Moore (2012) , the most thermally sensitive families of benthic macroinvertebrates belong to the insect orders of Plecoptera, Trichoptera and Ephemeroptera. However, among these, the reported experimental upper thermal limits for the most sensitive families found in the Ticino River (e.g., Baetidae, Heptageniidae, Hydropsychidae, Leptoceridae, and Philopotamidae) are above 30°C (Dallas and Rivers-Moore, 2012) , thus excluding possible direct effects of the summer temperatures on these taxa.
Concerning fish, in the Ticino River both warm-water (such as common -Cyprinus carpio -and crucian -Carassius carassius -carps, and tench -Tinca tinca), cool-water (such as pike -Esox lucius -and pumpkinseed -Lepomis gibbosus) and cold-water (such as rainbow trout -Onchorhynchus mykiss -and Atlantic trout -Salmo trutta) species are present (Eaton and Scheller, 1996; Buisson et al., 2008) . Between these species, the Italian spined loach and the Italian riffle dace are among the most abundant autochthonous species with a relatively low upper limit of resistance: 25°C (Leuven et al., 2011) and 27°C (Souchon and Tissot, 2012) , respectively. On the contrary, the most abundant alien invasive species such as bitterling or European catfish have higher limits: 37°C and 32°C, respectively (Souchon and Tissot, 2012) . Moreover, almost all of the alien species recorded in the study reach have an upper limit equal to or above 30°C (Leuven et al., 2011; Souchon and Tissot, 2012) . This fact, along with the wider range of temperatures preferred by the alien species compared with the autochthonous species, could result in a competitive disadvantage for the latter, thus expressing alien species potential of altering instream community structure (Strayer, 2010) . Species such as the European catfish and the pumpkinseed might expand their invading range favoured by elevated temperatures under predicted future climate scenarios (Britton et al., 2010; Agdamar et al., 2015) . However, fish species with lower thermal tolerance may thermoregulate behaviourally by migrating to more suitable thermal habitats, such as the cool-water seep observed in the monitored Ticino reach.
The timing of spawning varies among and within species with temperature fluctuations which might or not be beneficial for the offspring in terms of habitat availability, growth period, food competition and finally fitness and survival (Gillet and Quetin, 2006) . Temperature and related oxygen supply are indeed considered as main factors determining the duration of the embryonic period, embryonic mortality as well as growth and conditions of newly hatched larvae (Schiemer et al., 2002) . Most of the species in the Ticino River spawn in spring and summer, thus alevin and fry can be exposed to high summer temperatures.
Management considerations
Natural flow is one of the main determinants of fluvial ecosystem integrity (Poff et al., 1997) , influencing both ecosystem structure and function. However, to date, in the study reach as well as in most of the Italian watercourses, MF is the only component of e-flows which is undergoing implementation. A careful choice of the entity of MF values is thus particularly important to prevent negative effects on both ecosystem structure and function.
In the Ticino River, the summer MF value (i.e., 12 m 3 s -1 at the Panperduto Dam) could guarantee acceptable thermal characteristics in reaches where a heterogeneous morphological structure was present and river-groundwater interaction occurred. However, a detailed study on the differences in water temperature among days with different MF values could give additional information about the acceptability of specific MFs. For example, from a preliminary data collection (Ticino Consortium, 2013) , the difference between air maximum temperature and water maximum temperature was greater in days with MF equal to 28 m 3 s -1 (i.e., 7°C) than in days with MF equal to 12 m 3 s -1 (i.e., 5°C), considering couples of consecutive days with comparable meteorological conditions. These data suggest that higher MF values could mitigate maximum water temperature increase caused by air/water thermal exchange, limiting the summer water temperature increase and contributing to a reduction of the potential negative effects on aquatic communities discussed in the previous section.
The definition of such MFs should take into account the expected future climate changes. As an example, a further decrease of summer flows is expected as a consequence of the anticipation of high flows to early spring (Barnett et al., 2005) .
Another important aspect associated to flow management is the occurrence of sharp flow variation events, such as that recorded at S2 after a period of abundant rainfall. In this case, an increase of approximately 4°C within 5 h was recorded when the flow increased from the MF value up to >300 m 3 s -1 . While in the upper Ticino River hydro-power production determines both hydropeaking and thermopeaking downstream of the reservoirs (Frutiger et al., 2004) , the flow regulation of the lowland course is not characterized by these phenomena. However, this issue should be better investigated since the effects on aquatic communities could be not negligible (Carolli et al., 2012; Bruno et al., 2013) .
CONCLUSIONS
In the Ticino River temporal variations in water temperature were mainly detected as an effect of flow management.
Since water is released into the Ticino River from the surface of the lake, during summer the more water is released, the higher the minimum temperatures within the study reach are. On the other hand, maximum temperatures in the river are reached in shallow waters as an effect of air/water interaction. Thus, in the case of low flows, river temperature along a section ranges among a maximum that is higher than the temperature at the lake outlet, due to shallow water warming, and a minimum that is lower than the temperature at the lake outlet, due to the groundwater contribution. Where this contribution is present, the streambed/water exchange produces indeed lateral variations in temperature and guarantees patches of cool water even during the warmest month.
The measured temperature patterns in the Ticino River lye within the thermal limits of most of the aquatic taxa collected in the study area. However, effects on instream community structure and on river metabolism are supposed to increase with the expected future climate changes (i.e., increase in summer temperatures and decrease in low-flow values).
Since our results show that a heterogeneous river morphology could help in the prevention of extreme temperature conditions during summer, further studies should be carried out in the study area to investigate river reaches with a poor morphology. Moreover, further analysis should be performed during the low-flow winter period to investigate possible ecological effects of temperature minima. Both these insights could improve the knowledge on flow-temperature relationships in highly regulated lowland rivers and could contribute to the definition of adequate e-flows. 
